The production of extracellular matrix components such as laminin, Type IV collagen, fibronectin, and tenascin during the formation of basement membrane in cultured epidermis-dermis recombinant skin of 13-day-old chick embryo was analyzed immunohistochemically. The epidermis and dermis were separated from each other by treatment with EDTA andlor dispase. The basal lamina of the basement membrane was thus removed from both epidermis and dermis. The isolated epidermis was overlaid onto the isolated dermis, i.e., recombined, and then cultured for 1-7 days in a chemically defied medium (BGJb) on a Millipore filter. Immunofluorescence labeling was used for light microscopy and HRP or colloidal gold labeling for electron microscopy. In specimens from &day cultures, positive sites of anti-laminin and anti-fibronectin reaction were observed light microscopically as patches which, at the electron mia m p i c level, corresponded to fragments of the basal lamina
Introduction
The basement membrane, an extracellular matrix existing between epithelium and mesenchyme, has important roles in cell proliferation, migration, and differentiation (Akimoto et al., 1988; Kubota et al., 1988; Grant et al., 1981) . Ultrastructurally, the basement membrane is composed of three main distinct layers: (a) the lamina lucida, which is electrdn lucent and lies immediately subjacent to the basal plasma membrane of the basal epidermal cells; (b) the lamina densa, also commonly described as the basal lamina (Laurie and Leblond, 1985) , which is more electron dense than the lamina lucida and lies below it; and (c) the reticular layer, which includes Supported in part by grants-in-aid from the Ministry of Education, * Correspondence to: Prof. Hiroshi Hirano, Dept. of Anatomy, Kyorin Science, and Culture of Japan.
University School of Medicine, Shinkam, Mitaka, Tokyo 181. Japan. located immediately beneath and in the vicinity of the attachment plaques of the hemidesmosomes. The staining pattern became continuous 7 days after recombination. Fluorescence labeling of laminin and fibronectin appeared somewhat earlier than that of Type IV collagen and tenascin. All of the four components were found localized primarily in the basal lamina. Furthermore, fibronectin and tenascin were also distributed in the extracellular matrix of the dermis. The expression of tenascin, which does not exist in the basement membrane of 13-day-old intact embryonic skin, was induced in vitro. These results suggest that hemidesmosomes may play an important role in the reconstruction of the basement membrane and that various components of the basement membrane appeared at Merent times during the mnstruction. (J Hisrochem Cyrochem 40:1129 -1137 , 1992 KEY WORDS: Basement membrane; Laminin; Type IV collagen; Fibronectin; Tenascin; Skin; Chick embryo; Immunohistochemistry.
anchoring fibrils, microfibrils, and collagen fibers and lies below the lamina densa (Eady, 1988) . Chick embryonic skin also has this same structure at its epidermo-dermal interface (Akimoto et al., 1988 (Akimoto et al., ,1991 , which is already observed at the earliest stage of development (Sanders, 1984) .
Earlier we investigated the morphogenesis of the basement membrane using an organ culture system of chick embryonic skin, paying particular attention to its interrelationship with epidermal differentiation (Akimoto et al., 1988; Hirano et al., 1985) . Examining the process of basement mem brane formation electron microscopically by employing recombinants of isolated chick embryonic epidermis and dermis as an experimental model system in vitro (Akimoto et al., 1991) , a model of developing skin in vitro (Akimoto et al., 1991; Obinata et al., 1987) , we found that, first, attachment plaques of hemidesmosomes were formed along the plasma membrane of the epidermal basal cells, the sub-basal dense plaque was next formed subjacent to the hemidesmosome, the basal lamina was also formed immediately subjacent to the hemidesmosomes of epidermal basal cells, and finally, the basal lamina of basement membrane became denser and extended to become continuous along the basal surface of the basal epidermal cell.
The major macromolecular components of the basement membrane are Type IV collagen, laminin, nidogen, heparan sulfate proteoglycan, fibronectin, and tenascin (Crossin et al., 1986; Laurie and Leblond, 1983) . However, little is known about the ontogeny and localization of these components of the differentiating basement membrane in the chick embryonic skin.
In the present study, we aimed at clarifying immunocytochemically the precise sequence of events in situ in the reconstruction of the basement membrane with an epidermis-dermis recombination experiment using cultured chick embryonic skin.
Materials and Methods
Immunolabeling Reagents. Antibodies against bovine Type IV collagen and mouse laminin were purchased from Advance (Tokyo, Japan) and E-Y laboratories (San Mateo, CA), respectively. Antibodies against rat fibronectin and human tenascin were purchased from Chemicon International (Temecula, CA). Rhodamine-or horseradish peroxidase (HRP)conjugated affinity-purified F(ab' )Z fragments of goat anti-rabbit antibodies were obtained from Jackson Immuno-Research Laboratories (West Grove, PA) and Cappel (West Chester, PA), respectively.
Preparation and Culture of Recombinant Skin. The recombination of epidermis and dermis was carried out as described previously (Akimoto et al., 1991) . The undifferentiated epidermis and dermis were separated by treatment of skin explants of the tarsometatarsal region from 13-day-old chick embryos with 0.4% EDTA in a chemically defined medium, BGJb (Biggers et al., 1961) at 37'C for 30 min (Goel and Jurand, 1968) . The remaining basal lamina in the dermis was removed by further treatment with dispase (1000 Ulml, 37°C. 30 min). The isolated epidermis and dermis were washed two or three times in calcium-and magnesium-free PBS. The epidermis was overlaid onto the dermis, and the recombinant was then placed on a Millipore filter. The recombinant on the filter was kept stationary for 2 hr to allow sufficient mutual adhesion between the epidermis and dermis and was then cultured for 1-8 days in BGJb by the Millipore filter-roller tube method (Sugimoto et al., 1974) . Under this culture condition, the formation of the basement membrane occurs normally (Akimoto et al., 1991) whereas keratinization of the epidermis does not occur (Obinata et al., 1987) .
By the treatment with EDTA and/or dispase, the basal lamina was thus removed from both the epidermis and dermis (Akimoto et al., 1991) . In our preliminary experiments examining isolated epidermis and dermis, there was no positive reaction with antibody against Type IV collagen, laminin, fibronectin, or tenascin, as these components had been digested and removed by the treatment with dispase.
Immunostaining for Light Microscopy. Specimens were fixed in phosphate-buffered 4% formaldehyde at 4% for 1 hr. After fixation, specimens were washed in PBS, infused with 2.3 M sucrose-0.1 M sodium phosphate buffer, pH 7.4, mounted on a copper specimen holder, and rapidly frozen in liquid nitrogen. Semi-thin frozen sections (0.5-1.5 km thick) were cut at -50 to -G O T with an ultramicrotome (Sorvall MT2B equipped with an LTC-2 cryo-attachment), picked up in a droplet of 2.3 M sucrose-0.1 M phosphate buffkr, p H 7.4-0.02% NaN3, and mounted on glass slides pre-cleaned with 1% HCI-ethanol and de-ionized water (Tokuyasu, 1986) . For immunofluorescence studies, the sections were washed with PBS and then pre-treated with 1% bovine serum albumin (BSA) in PBS for 10 min. After a PBS rinse, each specimen was covered with a solution of the desired antibody for 1 hr. For a control, non-immunized rabbit IgG or serum was used. The section was next rinsed again with PBS, and incubated with rhodamine-conjugated F(ab)z fragments of goat anti-rabbit IgG antibodies for 1 hr. Nuclei were stained with 4,6-diamidine-2-phenylindole dihydrochloride (DAPI) (Williamson and Fennell, 1974) . After having been washed with PBS, the specimens were finally mounted in 90% glycerol-0.1 M Tris-HC1 buffer (pH 8.5) containing 0.1 mMp-phenylenediamine (Huff et al., 1982) and then observed with a Nikon Microphot-FX equipped with epifluorescence and Nomanki differential interference contrast optics. Nonspecific staining was checked by incubation with the secondary antibody-rhodamine conjugate alone. To further check the specificity of the staining, pre-absorption and competition experiments were carried out.
Immunostaining for Electron Microscopy. For colloidal gold labeling, fixation and infusion were carried out in the same way as for light microscopy. Then ultra-thin frozen sections were cut at -90 to -1OO' C and collected on electron microscopic grids coated with fornivar and carbon. The sections were washed with PBS and pre-treated with 1% BSA in PBS for 10 min. After a PBS rinse, they were incubated with the desired antibodies for 1 hr, washed with PBS, and incubated with the colloidal gold-conjugated goat anti-rabbit IgG antibodies for 1 hr. After another wash with PBS, the sections were refixed in 2 % glutaraldehyde-0.1 M phosphate buffer, pH 7.4, and embedded in a mixture of methylcellulose, polyethyleneglycol, and uranyl acetate using the absorption staining method of Tokuyasu (1980) . For HRP labeling, after fixation and washing the specimens were frozen and cut into 40-pm slices with a cryomicrotome and immunostained. The antibodies were detected by an indirect method using HRP as the antibody label. Formaldehyde-fixed slices were incubated overnight at 4'C with rabbit antibodies, washed with PBS, and incubated for 60 min at room temperature with HRP-labeled goat anti-rabbit IgG. For a control, nonimmunized rabbit IgG or serum was used. The specimens were washed with PBS again and fixed in 2.5% glutaraldehyde in 0.1 M phosphate buffer, pH 7.4, for 10 min to obtain better preservation of the ultrastructure and to immobilize the HRP conjugates. After another washing with PBS, the specimens were immersed in 3,3'-diaminobenzidine (DAB, 0.2 mg/ml)-HzO~ (0.005%) for 10 min and then washed with distilled water. Finally, the specimens were osmicated for 10 min. dehydrated through a graded series of ethanol, and embedded in Epon 812. Ultra-thin sections were cut, stained with lead citrate, and observed in a JEM 1200EX electron microscope. Nonspecific staining was checked by incubation with the secondary antibody-colloidal gold or -HRP conjugate alone. Some skin explants were fixed in 2.5 % glutaraldehyde and processed for conventional EM observation (Takata et al., 1981) .
Light Microscopic Observations on the Distribution of the Basement Membrane Components
Normal Embryonic Skin. In the normal 13-day-old chick embryonic skin, both anti-Type IV collagen and anti-laminin reactions were detected in a continuous manner in the basement membrane of the epidermo-dermal junction (Figures la and 1b ). Antifibronectin reaction was distributed both in the basement membrane and in the extracellular matrix of the dermis ( Figure IC ). Tenascin was detected neither in the basement membrane nor in the extracellular matrix of the dermis ( Figure Id) .
Recombinant Skin. One day after the start of culture of the recombinant in which the isolated epidermis had been overlaid onto the isolated dermis, i.e., the two recombined, in a chemically defined medium (BGJb) on a Millipore filter, no positive reaction against Type IV collagen was observed (Figure 2a (Figure 4 ) appeared as small patches located immediately beneath the epidermis at 2 days after recombination. This was somewhat earlier than in the anti-Type-IV collagen reaction. The positive reaction increased in intensity with time. Positive sites became continuous at the epidermo-dermal junction at 7 days after recombination. Furthermore, they were also distributed, in the case of fibronectin, in the extracellular matrix in the dermis.
The reaction with the antibody against tenascin (Figure 5 ) appeared 3 days after recombination. By 7 days in culture, the specimens showed intense staining along the basement membrane and in the extracellular matrix of the dermis. 
Immunoelectron Microscopic Observation of tbe Recom binunt Skin
Essentially the same results were obtained by either the colloidal gold or the HRP labeling method, in terms of the detailed localization of basement membrane components. In the case of the antilaminin reaction, positive sites in 2-day specimens were observed as clusters located immediately beneath and in the vicinity of attachment plaques of the hemidesmosomes, which morphologically corresponded to fragments of the basal lamina (Figure 6a ). After 7 days in culture the recombinants displayed a continuous positive reaction along the basement membrane, mainly in the lamina densa (Figure 6b ). The distribution pattern of Type IV collagen was the same as that of laminin.
Localization of fibronectin obtained by the I-IRF' method is shown in Figure 7 . After 2 days in culture, recombinants showed reaction products as patches located immediately beneath and/or in the vicinity of attachment plaques of the hemidesmosomes, and sometimes also around the collagen fibers (Figure 7a) . A positive reaction was observed as a continuous band in the lamina densa as well as in the lamina lucida 7 days after recombination (Figure 7b ). Furthermore, it was also detected both around the collagen fibers that were attached to the basal lamina and in the stroma of the extracellular matrix of the dermis (Figure 7b ). The distribution pattern of tenascin was the same as that of fibronectin (Figures 8a and 8b) .
Type IV collagen, laminin, and fibronectin, but not tenascin, showed the same distribution as seen in intact 13-day-old chick embryonic skin.
Cy tochemicul Contro Is
When the primary antibodies were omitted or replaced with the non-immunized rabbit IgG or serum, no positive staining was observed at either light or electron microscopic level. Furthermore, the specific staining of primary antibodies was completely inhibited by the addition of antigens. For example, Figure 9 shows the result obtained by incubation with anti-laminin antibody in the presence of laminin.
Discussion
ever, a positive reaction was observed as small patches located immediately beneath the epidermis (Figure 2b ). Five to 7 days after recombination, positive sites became continuous at the epidermodermal junction, where the basement membrane now existed (Figure 2c) .
As we described previously (Akimoto et al., 1991) , the process of reconstruction of the basement membrane in chick embryonic epidermo-dermal recombinants begins at 3-4 days after recom- In the present study, as a next step, production of basement membrane components such as Type IV collagen, laminin, fibronectin, and tenascin were analyzed immunohistochemically. We found that basement membrane components appeared time sequentially during formation of the membrane: that is, after 2-3 days in culture, positive sites for laminin and fibronectin appeared by light microscopy as small patches at the epidermo-dermal junction, which sites, at the electron microscopic level, corresponded to fragments of the basal lamina located immediately beneath and in the vicinity of attachment plaques of the hemidesmosomes. Positive reactions for Type IV collagen and tenascin appeared after 3-4 days in culture. The staining pattern which had been discontinuous, appearing as tiny patches in profile, became a continuous band of fluorescence at 7 days after recombination. Ultrastructural localization of these components in the differentiated basement membrane is consistent with results reported previously ; Laurie and Leblond, 1983; Yaoita et al., 1978) . These results suggest an orderly sequence to the appearance of these components during basement membrane formation. What does this mean? Other than basement membrane components studied in this study, many antigenic epitopes are present within the dermo-epidermal junction of the skin. These molecules should also appear time sequentially along with the formation of basement membrane and the structures associated with the basement membrane (e.g., hemidesmosome, anchoring filaments, microfibrils, anchoring fibrils) (Kurpakus et al., 1990; Fine et al., 1984; Stanley et al.. 1981) . More interesting, the form of the macromolecular organization corresponds to these structures. Fibronectin is known to play a key role in cell adhesion (Pienchbacher and Rouslahti, 1984) . In the intact skin of the chick embryo, it exists in the extracellular matrix of the dermis. It also appears abundantly in the granulation tissue that fills a deep skin wound (Grinnell et al., 1981; Kurkinen et al., 1980) . Laminin also plays a role in the attachment of epithelial cells to basement membrane collagen (Terranova et al., 1980) and promotes axonal growth in sympathetic neurons (Lein and Higgins, 1989; Ide et al., 1983; Rogers et al., 1983) . The early appearance of laminin and fibronec-tin suggests that these two molecules are important, for example, in adhesion between epidermal cells and dermis, in the early process of the basement membrane formation.
Tenascin is expressed temporarily in a spatially restricted manner during development of the chick embryonic skin (Shames et al., 1991; Crossin et al.. 1986 ). Tenascin does not exist in the dermo-epidermal junctions of 13-day-old unkeratinized embryonic skin. By 16 days of development tenascin appears in close association with dermo-epidermal junctions (Shames et al., 1991) , as the epidermis develops towards keratinization. At 19 days and in the post-hatch period, tenascin exists both at the dermo-epidermal junction and on the fibers closely associated with the dermo-epidermal junction (Shames et al., 1991) . In the present recombination experiment, expression of tenascin in vitro in the embryonic skin was also induced as is the case in vivo. Expression of tenascin is induced in wound healing of rat and mouse skin as well (Murakami et al., 1989; Mackie et al., 1988) . In other tissues such as kidney, mammary gland, and tooth, tenascin has been regarded to take part in epithelial-mesenchymal interactions (Vainio et al., 1989; Inaguma et al., 1988; Aufderheide et al., 1987) . The tenascin ex-. . .
. Figure 8 . Anti-tenascin reaction as revealed by the HRP labeling method. @)After 3 days in culture specimens show reaction products representing tenascin as patches (large arrows) located immediately beneath or in the vicinity of attachment plaques of the hemidesmosomes (small arrows). Sometimes the product is also found around the collagen fibers (arrowheads). pression observed at the dermo-epidermal junction in the present study therefore strongly suggests that tenascin plays an important role in the epidermo-dermal interaction during development.
Our immunoelectron microscopic study revealed that tenascin was co-localized with fibronectin. Several recent studies have reported a possible role for tenascin in modulating cell-fibronectin interaction (Riou et al., 1990; Lotz et al., 1989; Chiquet-Ehrismann et al., 1988) . Tenascin also mediates cell attachment through an RGD-dependent receptor (Bourdon and Ruoslahti, 1989 ). Therefore, it is likely that the tenascin regulates dermo-epidermal adhesion or the attachment of fibroblasts to the extracellular matrix in the dermis, probably through an interaction with fibronectin.
In our preliminary experiments, neither the isolated epidermis nor dermis alone, which had been cultured by the same method for 4 or 7 days, reconstructed the basement membrane (Akimoto et al., 1991) . When primary epidermal cell cultures from neonatal mice were grown on lifted collagen gels, no structural basement membrane was formed, and the deposition of basement membrane constituents was incomplete (Bohnert et al.. 1986 ). These results indicate that the basement membrane is necessary for the integrity of epidermal morphogenesis, differentiation, and proliferation on the dermis. The morphogenesis of the basement membrane is closely related to the differentiation of the epidermis (Akimoto et al., 1988 (Akimoto et al., ,1991 Hirano et al., 1985) .
We already observed that hemidesmosome formation preceded basement membrane formation (Akimoto et al., 1991) . This result is consistent with that of wound healing, in which formation of the lamina densa region of the basement membrane zone follows the appearance of the hemidesmosomal plaque (Akimoto et al., 1991; Kurpakus et al., 1990; Gipson et al., 1989; Hirst et al., 1981) .
In skin cultured in the presence of excess retinol (20 pM), hemidesmosomes are poorly developed and the basement membrane becomes discontinuous, with many gaps (Hirano et al., 1985) . Furthermore, when normal embryonic epidermis is recombined with retinol-pre-treated dermis and cultured, the basement membrane remains discontinuous, with many interruptions where no hemidesmosomes are observed (Akimoto et al., 1991) . Taking these points into consideration, our present findings strongly favor a causative relationship that may exist between hemidesmosome and the basement membrane formation. In the present study, we observed that Type IV collagen, laminin, fibronectin, and tenascin were all deposited immediately beneath and i n the vicinity of attachment plaques of the hemidesmosomes in the first phase of the basement membrane reconstruction. As a next step of our study, therefore, to determine the role of hemidesmosomes in the basement membrane formation, the precise process of the formation of hemidesmosomes during the reconstruction of the basement membrane is to be elucidated in situ by use of specific antibodies against components of the hemidesmosome.
